The propensity to develop atherosclerosis varies markedly among different sites in the human vasculature. To determine a possible cause for such differences in atherosclerosis susceptibility, a proteomics-based approach was used to assess the extracellular proteoglycan core protein composition of intimal hyperplasia from both the atherosclerosis-prone internal carotid artery and the atherosclerosis-resistant internal thoracic artery. The intimal proteoglycan composition in these preatherosclerotic lesions was found to be more complex than previously appreciated with up to eight distinct core proteins present, including the large extracellular proteoglycans versican and aggrecan, the basement membrane proteoglycan perlecan, the class I small leucine-rich proteoglycans biglycan and decorin, and the class II small leucine-rich proteoglycans lumican, fibromodulin, and prolargin/ PRELP (proline arginine-rich end leucine-rich repeat protein). Although most of these proteoglycans seem to be present in similar amounts at the two locations, there was a selective enhanced deposition of lumican in the intima of the atherosclerosis-prone internal carotid artery compared with the intima of the atherosclerosis-resistant internal thoracic artery. The enhanced deposition of lumican in the intima of an atherosclerosis prone artery has important implications for the pathogenesis of atherosclerosis.
nary arteries show marked susceptibility to the development of atherosclerosis, the internal thoracic and distal ulnar arteries are markedly resistant to it, despite routinely forming intimal hyperplasia (1) (2) (3) (4) (5) . In humans, atherosclerotic lesions develop at sites of intimal hyperplasia or intimal thickening, and such lesions are regarded as precursor lesions for atherosclerosis (6, 7) . Altered shear stresses distal to vascular branch points are likely to be responsible for the formation of much of the intimal hyperplasia in the human vasculature, and such altered shear forces are a plausible explanation for the characteristic eccentric appearance of intimal hyperplasia at these sites (8 -10) . However, there is currently no sufficient explanation for why such intimal hyperplasia will routinely progress to atherosclerosis at some locations, but not others, in the vasculature.
Intimal proteoglycans are up-regulated at sites of intimal hyperplasia and seem to play a direct role in the development of atherosclerosis by binding and retaining apolipoprotein-B containing lipoproteins in the vessel wall and by regulating vascular cell growth (11) (12) (13) (14) (15) . The lipoproteins sequestered in the intima probably stimulate a chronic inflammatory response, resulting in the accumulation of macrophages and the development of a necrotic/lipid core (16 -18) . Because proteoglycans deposited in intimal hyperplasia are believed to play a central role in the development of atherosclerosis, it was hypothesized that differences in the intimal extracellular proteoglycan composition may be at least partly responsible for the marked variation in susceptibility to atherosclerosis among different sites in the vasculature.
Our previous understanding of the extracellular proteoglycan composition of human vascular intima has been relatively limited. Biglycan was definitively demonstrated in human intima by protein sequencing (19) . In addition, immunologic and/or mRNA transcript analyses have provided evidence for additional proteoglycans in human intima, predominantly versican, decorin, perlecan, and lumican (20 -26) . It is noteworthy that these immunohistochemical analyses have indicated that versican, biglycan, and lumican are present in both atherosclerotic lesions and preatherosclerotic intimal hyperplasia. In contrast, immunoreactivity for decorin has been reported to be present in atherosclerotic lesions but absent in intimal hyperplasia (20) .
To gain a more complete understanding of the extracellular proteoglycan core protein composition of human vascular intima and how this composition may vary at different sites in the circulation, a proteomics-based approach was performed using both the atherosclerosis-prone internal carotid artery and the atherosclerosis-resistant internal thoracic artery. This analysis revealed that the extracellular proteoglycan core protein composition of human intimal hyperplasia is substantially more complex than previously realized. Furthermore, these studies have revealed that there is enhanced deposition of the class II small leucine-rich proteoglycan lumican in the intima of the atherosclerosis-prone internal carotid artery.
EXPERIMENTAL PROCEDURES
Arterial Specimens-Arterial segments were obtained from autopsies performed at Massachusetts General Hospital within 24 h of death from patients ranging in age from the 4th to 10th decades of life. Cases were excluded if there was a history of prior surgery or radiation therapy involving the arterial segments. The Hospital's Human Subjects Institutional Review Board approved all activities. The left internal carotid artery at the level of the carotid bifurcation and the internal thoracic arteries at the level of the bifurcation of the intercostal arteries below the second rib were carefully identified and removed. A representative cross-section was fixed in 10% buffered formalin for 16 h, processed with paraffin embedding, and used to generate hematoxylin-and-eosin-stained histological slides. The remainder of the tissue was stored at Ϫ80°C for proteomic analysis. For this study, an atherosclerotic lesion was defined as the presence of numerous foam cells or a necrotic/lipid core, which included classic type II lesions and above (27) . For this study, intimal hyperplasia was defined as an intima greater than 0.03 mm thick with or without isolated/focal foam cells. Vessels with an intimal thickness of less than 0.03 mm were considered normal. Morphometric analyses were performed using a Nikon Eclipse E600 microscope equipped with a Hitachi HV-C20 3-CCD digital camera with computer interface and IPLab Spectrum software (Signal Analytics, Vienna, VA). Immunohistochemical analyses for the macrophage marker CD68 and for aggrecan were performed using the VECTASTAIN Elite peroxidaseconjugated avidin-biotin method (Vector Laboratories) after antigen retrieval with Borg decloaker solution (Biocare Medical). Monoclonal anti-CD68 antibody (DakoCytomation) was used at 1:800 dilution, and goat polyclonal anti-aggrecan antibody (Santa Cruz Biotechnology) was used at 1:100 dilution. Macrophages were identified as cells staining positively for CD68. The number of macrophages present in an arterial section was then determined by visual inspection with a microscope and manual counting. The number of macrophages present was then divided by the intimal area (in square millimeters) determined by morphometric analysis.
Proteoglycan Extraction-Arteries were rinsed in cold phosphatebuffered saline (67 mM phosphate and 150 mM NaCl, pH 7.0) and opened longitudinally. The thickened intima was carefully removed and finely diced with a razor blade. The accuracy of the intimal dissection was verified by histological analysis. To account for the larger size of the internal carotid arteries, both segments of internal thoracic artery from a given patient were processed together. The intimal tissue fragments were extracted with 8 ml of buffer A (50 mM Tris, pH 7.4, containing 7 M urea, 0.1 M NaCl, complete protease inhibitor mixture (Roche Applied Science; 1 tablet/50 ml), and 5 mM dithiothreitol) for 48 h at 4°C. Afterward, the samples were centrifuged at 3000 ϫ g for 5 min to remove the tissue fragments. Aliquots (0.1 ml) of the supernatant were retained for total protein determination, using the Bradford microassay (Bio-Rad).
To the remaining supernatant was added 50 l of hydrated MacroPrep High Q Support strong anion exchange resin (Bio-Rad). The mixture was incubated at 4°C with rocking for 20 min. The resin and bound proteoglycans were sedimented by centrifugation for 5 min at 3000 ϫ g. The resin was placed in a spin column and washed sequentially with the following buffers by application of 0.5 ml of the buffer followed by centrifugation for 5 min at 3000 ϫ g: 1 wash with buffer A, followed by 2 washes with buffer B (buffer A with an additional 0.1 M NaCl), followed by three washes with buffer C (6 M urea, 0.2 M NaCl, and 50 mM sodium acetate, pH 3.7), and finally two washes with buffer B. The proteoglycans were then eluted from the resin by the application of 100 l of 50 mM Tris, pH 7.4, containing 6 M urea and 1 M NaCl, followed by centrifugation for 5 min at 3000 ϫ g. Aliquots of the purified proteoglycans were electrophoresed into a short (1 cm) 4% SDS-PAGE gel, which was subsequently fixed with 40% methanol, 10% acetic acid, and then stained with colloidal Coomassie (Bio-Rad).
Mass Spectrometry-Gel portions containing the proteoglycans were subjected to tryptic in-gel digestion and the tryptic peptides were extracted and separated by nanoscale reverse-phase high performance liquid chromatography followed by electrospray ionization as described in detail previously (28) . Tandem mass spectra were obtained on a Finnigan LTQ linear ion-trap mass spectrometer (Thermo Electron Corporation) in the Taplin Biological Mass Spectrometry Facility in the Department of Cell Biology at Harvard Medical School. Every MS/MS spectrum obtained was used to search the human NCI database (130,741 protein entries when searched) using Sequest version 27.9. The database was searched using no enzyme specificity and a precursor ion mass accuracy of Ϯ1 Da, allowing for the differential modification of Met (ϩ16 Da, oxidation) and Cys (ϩ71 Da, monoacrylamide) and for up to three missed cleavages sites. After the initial search, non-tryptic peptide matches were discarded. The remaining matches were manually inspected for quality. Those matches typically considered true matches had dCn scores of at least 0.1 and XCorr values of 2.0 or greater for ϩ1 and ϩ2 charged peptides and 3.5 or greater for ϩ3 charged peptides. A particular proteoglycan was considered to be present only if 2 or more such high quality peptides were identified in at least one of the intimal preparations.
Initial preliminary assessments of the relative quantities of the various proteoglycans were based on the MS intensities of specific peptides observed in most/all of the samples. These peptides were as follows: versican (LLASDAGLYR, LATVGELQAAWR, and ETTVLVA-QNGNIK), biglycan (LGLGHNQIR), decorin (SSGIENGAFQGMK), perlecan (SIEYSPQLEDAGSR and LEGDTLIIPR), lumican (SLEDLQLT-HNK and LKEDAVSAAFK), and fibromodulin (IPPVNTNLENLYLQGNR and YLPFVPSR). In cases in which more than one commonly occurring peptide was used for a particular proteoglycan, the signal intensities for the peptides were averaged. To compensate for the variation in the amount of intimal tissue removed from the different arterial segments, all MS intensity values were normalized to the total amount of protein extracted from the intimal portions. Statistical analyses (Student's t tests) were performed using GraphPad software.
Immunoblotting-Aliquots of the purified proteoglycans were subjected to SDS-PAGE on 4 -20% gradient polyacrylamide gels (BioRad) and electrophoresed at 200 volts. Gels were blotted onto PVDF membrane. Membranes were probed with primary antibodies to fibromodulin (1:200 dilution), biglycan (1:1000 dilution), or lumican (1:1000 dilution). Goat polyclonal antibodies to fibromodulin were obtained from Santa Cruz Biotechnology. Rabbit polyclonal antibodies to lumican and biglycan were prepared as described previously (29, 30) . Blots were then treated with the appropriate peroxidaseconjugated secondary antibody: donkey anti-goat (Jackson) at 1:5000 dilution or donkey anti-rabbit (Santa Cruz) at 1:2000 dilution. Blots were imaged using ECL-plus chemiluminescence detection kits (Amersham Biosciences) and film which was developed on an XOmat processor. Bands were quantitated using a GS-800 laser densitometer (Bio-Rad). To compensate for the variation in the amount of intimal tissue removed from the different arterial segments, all chemiluminescence values were normalized to the total amount of protein extracted from the intimal portions. Statistical analyses (Student's t tests) were performed using GraphPad software.
RESULTS
Arterial Specimens-Left internal carotid arteries at the level of the carotid bifurcation and/or internal thoracic arteries at the level of the bifurcation of the intercostal arteries below the second rib were obtained from 56 randomly selected autopsies. Both of these arterial segments are elastic arteries (in contrast to muscular arteries) and are thus amenable to direct comparison for differences in extracellular matrix composition. Histological analysis revealed 27 of 45 left internal carotid arteries to have developed atherosclerotic lesions, with 16 of the remaining 18 cases showing intimal hyperplasia. In contrast, atherosclerosis was present in the internal thoracic arteries from only 7 of 53 patients, confirming the atherosclerosis resistance of this site (p Ͻ 0.0001; Fig. 1 ). It is noteworthy that of the 46 patients without atherosclerosis in the internal thoracic arteries, 16 had developed significant eccentric intimal hyperplasia, most likely secondary to non-laminar shear forces at this postbifurcation site (8 -10) . Thus, like the distal ulnar artery (4), the internal thoracic artery routinely develops intimal hyperplasia yet remains relatively resistant to the formation of atherosclerosis.
The extracellular proteoglycan composition of the intimal hyperplasia from these 16 left internal carotid arteries was compared with that of the intimal hyperplasia from the 16 pairs of internal thoracic arteries. The specifics of these 32 cases are listed in Table I . There was no significant difference between these two groups of vessels with regard to patient age, gender, or macrophage density. Likewise, although there was a slight trend toward increasing frequency of isolated/ focal foam cells in the carotid artery segments, this difference was not statistically significant. There was an enhanced ratio of intimal-to-medial thickness in the internal carotid arteries compared with the internal thoracic arteries. Overall, these two groups of arterial segments were very well matched for histologic lesion type, with both displaying preatheromatous intimal hyperplasia. These two groups of vessels were used to compare the intimal proteoglycan composition of the preatherosclerotic lesions at these two distinct sites, which differ markedly in their propensity to develop atherosclerosis.
Intimal Proteoglycan Composition-For each arterial segment, the thickened intima was carefully removed (Fig. 2) , and the proteoglycans were extracted and analyzed by liquid chromatography tandem mass spectrometry (Table II; Fig. 3 ). Consistent with previous immunohistochemistry studies (20 -23, 25, 26) , versican, biglycan, and perlecan were detected in the intimal extracts from nearly all of the vessels examined. The greatest numbers of peptides were routinely observed for these three proteoglycans, consistent with the notion that they represent the major proteoglycans in intimal hyperplasia.
FIG. 2. Removal of thickened intima for proteomic analysis.
Shown is a representative section of an internal thoracic artery stained with hematoxylin and eosin at 200ϫ magnification before (A) and after (B) removal of the thickened intima. The arrowhead indicates the level of the intima/media boundary. Immunoreactivity corresponding to the class II SRL proteoglycan lumican has been observed in both atherosclerotic lesions and intimal hyperplasia (24) . Consistent with these findings, by mass spectrometry lumican was detected in intimal hyperplasia in most of the specimens analyzed here. In contrast to previous immunohistochemical studies (20) , decorin was also routinely observed in these preatherosclerotic lesions, probably because of the enhanced sensitivity of this mass spectrometry-based approach. In addition to these previously recognized components of human intima, proteoglycans not previously known to occur in human intimal hyperplasia were observed. There were the large extracellular proteoglycan aggrecan and the class II small leucine-rich proteoglycans fibromodulin and prolargin/PRELP (proline arginine-rich end leucine-rich repeat protein). Thus, overall, the extracellular proteoglycan composition of human intimal hyperplasia was found to be significantly more complex than previously realized, with up to eight distinct core proteins present in these preatherosclerotic lesions.
MS Signal Intensities-As an initial assessment for large variations in the quantities of these proteoglycans, MS intensities for peptides from the more frequently occurring proteoglycans were compared. Although there was a slight trend toward increasing signal intensities for versican, biglycan, and fibromodulin in the internal carotid arteries, the differences were not statistically significant (Fig. 4) . This was also the case for perlecan and decorin (data not shown). However, there was a statistically significant (p Ͻ 0.01) enhancement in the signal intensities for lumican in the atherosclerosis-prone internal carotid artery compared with those from the atherosclerosis-resistant internal thoracic artery.
Immunoblotting-To confirm the enhanced deposition of lumican in the atherosclerosis-prone artery, immunoblotting for selected proteoglycans was performed on these samples (Fig. 5) . By immunoblot analysis, biglycan is present as two distinct forms with apparent masses of ϳ100 and ϳ250 kDa (Fig. 5A ). These two forms of biglycan have been observed previously in tissues and cultured vascular cells (31, 32) . However, the structural feature that gives rise to these two forms of biglycan is not known. Quantitation of the total biglycan present by immunoblotting revealed no significant difference between the atherosclerosis-prone and atherosclerosis-resistant arteries, consistent with the analysis of MS signal intensities. In addition, there was no significant difference in the relative amounts of the two forms of biglycan between the two arterial locations (data not shown). By immunoblotting, fibromodulin is present as both a sharp band with an apparent mass of ϳ50 kDa and a more diffuse band with an apparent mass of ϳ80 kDa (Fig. 5B) . The lower band may represent a tyrosine sulfated core protein lacking carbohydrate modification, and the upper band probably represents a form with carbohydrate modifications (33) . Again, consistent with the analyses of the MS signal intensities, there was no difference in the amount of fibromodulin present in intima from the two arterial locations. Immunoblotting for lumican (Fig. 5C ) revealed multiple diffuse bands predominantly from 50 -100 kDa, indicative of a proteoglycan form of lumican (33) (34) (35) (36) . Consistent with the analysis of the MS signal intensities, there was significantly (p Ͻ 0.01) more lumican present in the intima of the atherosclerosis-prone internal carotid artery than in the atherosclerosis-resistant internal thoracic artery, with the mean value elevated by ϳ3-fold. In neither vessel did the quantity of lumican present in these early lesions correlate with age, gender, intima/media ratio, macrophage density, or the presence of focal foam cells (data not shown).
Aggrecan Immunohistochemistry-The identification of aggrecan in human intimal hyperplasia is a novel finding with important implications for vascular disease. To verify the location of aggrecan in human intima, immunohistochemistry for aggrecan was performed. Immunoreactivity for aggrecan was observed predominantly in the inner zone of intimal hyperplasia, with only very faint immunoreactivity in the deeper intima and media (Fig. 6 ). The inner (subendothelial) zone of intimal hyperplasia is known to be particularly rich in proteoglycans (7). The results presented here indicate that in addition to versican, aggrecan is a large extracellular proteoglycan contributing to the structure of the matrix in the proteoglycanrich zone of the inner intima.
DISCUSSION
Previous studies, primarily employing immunohistochemistry and transcript analyses, have suggested that versican, perlecan, and biglycan are the predominant proteoglycans in human intimal hyperplasia (19 -23, 25-26) . The mass spectrometry-based analysis reported here confirms that versican, biglycan, and perlecan are major components of the intimal extracellular matrix, with substantial protein sequence verified for each of these proteoglycans. However, this analysis also revealed that the proteoglycan core protein composition of human intimal hyperplasia is more complex than previously appreciated, containing core proteins not previously known to occur in these lesions. The roles of many of these proteoglycans in the intima remain to be elucidated. Aggrecan is of particular interest because of its large size and numerous potential glycosaminoglycan modification sites. One potential mechanism by which proteoglycans may promote atherosclerosis is by the direct binding of lipoproteins to the negatively charged glycosaminoglycan side chains (11) (12) (13) (14) . Because of the large size of aggrecan, and the large number of glycosaminoglycan modification sites, aggrecan has the potential to have the greatest affinity for lipoproteins of all of the intimal proteoglycans.
Both versican and biglycan have been implicated as playing important roles in the formation of atherosclerosis (15, 23) . The finding of no substantial differences in the apparent quantities of these two proteoglycans upon comparing atherosclerosis-prone and atherosclerosis-resistant arteries was unexpected. These studies cannot exclude more subtle (2-fold or less) changes in protein levels, variations in splice forms, or alterations of glycosaminoglycan side chains, which may differ between the two sites. For a given proteoglycan, there was substantial variation from case to case in the amounts detected, and the use of cadaveric material may have contributed to this variation; however, no substantial protein degradation was detected in these samples (Fig. 5) . The data presented here do indicate that a major difference in the intimal hyperplasia of atherosclerosis-prone arteries compared with that in atherosclerosis-resistant arteries is the enhanced deposition of lumican in the intima of the atherosclerosis-prone arteries.
Lumican has been shown to play an important role in wound healing and tissue responses to injury, and this proteoglycan is a positive regulator of Fas-Fas ligand-mediated apoptosis (37) (38) (39) (40) . In addition, lumican has been shown to directly bind to macrophages and to enhance macrophage migration (41) . These prior studies imply that lumican could directly influence macrophage behavior in the vascular intima as well as stimulate the formation of the necrotic/lipid core characteristic of advanced atherosclerotic lesions. The data presented here demonstrate that well before atheroma formation there is a significant difference in the composition of the intimal extracellular matrix of atherosclerosis-prone arteries compared with atherosclerosis-resistant arteries. Before the formation of a necrotic/lipid core, there seems to be deposited in the intima of the atherosclerosis-prone vessels an extracellular matrix with the potential to promote inflammation and cell death. The underlying factors stimulating the formation of this atherosclerosis-prone matrix are unclear, but such factors are likely to play a central role in atherosclerotic lesion development.
